Objective: To analyze the spectrum of neurological manifestations in children hospitalized with pandemic influenza A H1N1 virus of 2009 (pH1N1). Patients: All hospitalized patients with pH1N1 with neurological consult or diagnosis, lumbar puncture, electroencephalogram, or neuroimaging were selected as suspected cases. These were systematically reviewed and selected for final analysis if confirmed by pre-established definitions as a neurological complication.
I
NFLUENZA IS WELL KNOWN TO have neurological manifestations and complications, including febrile and afebrile seizures, encephalitis, and acute necrotizing encephalopathy (ANE). [1] [2] [3] [4] Information on the clinical spectrum of illness in children with 2009 pandemic influenza A H1N1 (pH1N1) infection in the United States is still emerging. To better understand the neurological manifestations of pH1N1 in pediatric patients, we examined the clinical presentations, laboratory and neuroimaging findings, and outcomes in hospitalized children with pH1N1 infection who presented with neurological symptoms at The Children's Hospital (TCH), Aurora, Colorado.
METHODS
We conducted a retrospective medical chart review of patients who were hospitalized at TCH, an academic, tertiary care, 314-bed hospital. All hospitalized children who had a respiratory specimen that was positive for the pH1N1 virus from May 1, 2009 , through November 30, 2009 , were entered into a database. These dates encompass both waves of the pH1N1 epidemic in our region. Cases with neurological consultation, diagnosis of altered mental status (AMS), seizure, encephalopathy, or encephalitis, or those who had a lumbar puncture (LP), electroencephalogram (EEG), magnetic resonance imaging (MRI) brain scan, MRI spine scan, or head computed tomographic (CT) scan were selected as suspected cases for medical chart review. Pandemic H1N1 infection was diagnosed by immunoassay (BinaxNOW Influenza A and B kits; Binax Inc, Scarborough, Maine) and by a multiplex polymerase chain reaction (PCR) platform using the xTag Respiratory Virus Panel system (Luminex Molecular Diagnostics, Toronto, Ontario, Canada). 5 A previously published report, 5 in addition to our clinical laboratory's experience, has shown that specimens identified as nontypeable influenza A using this assay were uniformly confirmed to be the pH1N1 strain using the published Centers for Disease Control and Prevention assay.
All suspected cases were independently reviewed by 2 pediatric neurologists (S.K. and B.S.) for neurological complications using preestablished definitions ( Table 1) . In instances of disagreement, a third neurologist ( J.P.) blindly reviewed the case, and the final designation was assigned based on agreement between 2 of the 3 neurologists. Cases concluded to have no neurological complication were excluded.
Any EEGs completed during the acute illness were independently visualized and reviewed by 2 neurologists (T.S. and A.R.B.-K.). If multiple EEGs or prolonged monitoring occurred, only the first EEG or initial 24 hours of the recording were assessed. The EEGs were evaluated for background, focality, slowing, epileptiform discharges, and electrographic seizures. Any new changes were noted when baseline comparison was available.
Neurological outcome was defined at the time of discharge based on medical and rehabilitation discharge summary and progress notes. Patients with no new disability were classified as having no disability; mild disability was defined as walking with no assistive device, mild modification of swallowing, or independent activities of daily living (ADLs) but not functioning at baseline; moderate disability was defined as being able to walk with an assistive device, moderate modification of swallowing, or some assistance with ADLs; and severe disability was defined as being unable to walk, unable to swallow, or requiring full assistance with ADLs. If patients had a neurological outcome of mild to severe at discharge, data from the last available follow-up visits were reviewed for any improvement.
The protocol and standardized data collection form were approved by the Colorado multiple institutional review board. Study data were collected and managed using REDCap electronic data capture tools hosted at the University of Colorado. 6 All statistical analysis was performed using SAS software, version, 9.2 (SAS Inc, Cary, North Carolina). Wilcoxon rank-sum test was used for continuous variables, and Fisher exact test was used for dichotomous variables. November 30, 2009 , 307 children with pH1N1 infection were hospitalized, of whom 59 were identified as having suspected neurological complications. Twenty-three (7.5% of the 307 hospitalized children with pH1N1) were determined to have a neurological complication (Table 1 and Table 2 ). Thirty-six cases did not meet criteria for any neurological complication. Four of the children had 2 distinct neurological complications.
RESULTS

From May 1 to
The median age of pH1N1-positive hospitalized patients with neurological complications was 6.4 years, and 57% were male. More than half (65%) required intensive care unit (ICU) support, and the median length of hospital stay (LOS) was 4 days. In contrast, in the nonneurological cohort (n = 284), 65 patients (24%) required ICU support (P Ͻ .001) and the median LOS was 3 days (P = .10). Twenty-one of the 23 patients (91%) had fever, 17 (74%) had cough, 13 (57%) were hypoxic, and 21 (91%) were treated with oseltamivir. Patients had onset of neurological symptoms a median of 1 day after the onset of their illness and fever onset. Eleven patients (48%) were admitted to the hospital concurrent with the onset of their neurological symptoms ( Table 3) .
Seventeen of the 23 cases (74%) had an underlying neurological diagnosis, 12 (52%) of whom had a diagnosis of epilepsy. Three of the 12 had intractable seizures. Seizure with fever in children with underlying neurological disease (17 cases [63%]) was the most common neurological manifestation, and encephalopathy (7 cases [26%]) was the second most common. Of the children presenting with seizures, only 1 (6%) had no underlying neurological disorder, and 12 (75%) had a previous history of seizures. Of the 7 children presenting with encephalopathy, 3 (43%) were previously healthy, 3 (43%) had an underlying seizure disorder, and 1 (14%) had an underlying neurological condition without seizures. a Children without neurological complication (eg, neonates with fever who underwent LP to rule out sepsis and were influenza positive) were excluded from analysis. In addition, 1 child with concurrent streptococcal pneumoniae meningoencephalitis was excluded. There were 27 neurological complications in 23 patients.
CEREBROSPINAL FLUID ANALYSIS
Lumbar punctures were performed in 7 of the 24 individuals. All cerebrospinal fluid (CSF) bacterial cultures were negative for bacteria. Two CSF samples had influenza PCR analysis, both of which were negative for the virus (cases 1 and 2). Only 1 patient had a significant pleocytosis (white blood cell count Ͼ5 cells/µL) with 9 WBCs (44% neutrophils, 45% lymphocytes). The median protein level was 0.04 g/dL with 3 of the 7 children having clinically significant protein level elevation (range, 0.07-0.29 g/dL). Two of the 3 children with elevated protein levels died (including case 3), and the third had clinically significant neurological disability at discharge (case 1). (To convert protein to grams per liter, multiply by 10.0.)
NEUROIMAGING
Eleven of the 23 patients (48%) had head CTs without contrast, 1 of whom had multiple studies. Results of 3 of the 11 patients' CT scans (27%) were abnormal ( Table 2) . Six children had brain MRIs, the results of 5 of which were abnormal ( Table 4) .
ELECTROENCEPHALOGRAMS
A total of 9 patients (39%) had at least 1 EEG performed during their illness. Four of the 9 patients had previous EEGs for comparison. Seven of them presented with clinical seizures. Of the 9 patients with EEG studies, the result for 1 was normal, 1 had focal electrographic seizures recorded, 5 had multifocal epileptiform discharges, and 7 had diffuse slowing consistent with encephalopathy ( Table 2) .
NEUROLOGICAL OUTCOMES
Fifteen of the 23 patients (65%) had no neurological disability at discharge. Four patients (17%) had mild disability, and 1 (4%) had moderate disability. Three patients (13%) died compared with 6 of the hospitalized patients without neurological complications (2%) (P=.02).
Of the 5 individuals with disability at discharge, 3 showed some improvement at follow-up (Table 2 ). The EEG demonstrated focal right hemispheric suppression, and the MRI scan showed clinically significant abnormalities (Figure 1 and Table 4 ). Neurological examination showed a minimally responsive intubated child who was not following commands and without speech. Brainstem reflexes were intact. She had increased tone and reflexes in her extremities, with withdrawal to pain in all 4 extremities. She was treated initially with oseltamivir and then with peramivir. Because of concerns for possible acute disseminated encephalomyelitis (ADEM) vs ANE she was treated with methylprednisolone sodium succinate, 30 mg/kg/d for 3 doses, and intravenous immunoglobulin, 2 g/kg, over 2 days. She was hospitalized for 53 days, including 9 days in the ICU and 37 days of inpatient acute rehabilitation. She significantly improved throughout her hospitalization and was discharged with a moderate disability.
CASE EXAMPLES
Case 2
A healthy 15-year-old boy presented with a history of 6 days of AMS with waxing and waning alertness and arousal and 1 day of delusional symptoms. Symptoms included being withdrawn, reclusive, and sleepy. Formal neuropsychological testing found him to be confused, easily disorganized, disinhibited, perseverative, with markedly abnormal frontal lobe functions. His family reported that he had experienced 7 days of dry cough but no fever or gastrointestinal tract symptoms. Findings from a comprehensive metabolic panel, standard and expanded urine toxicologic tests, complete blood cell count, and head CT imaging were normal. Results from an LP revealed 2 WBCs/µL, 114 RBCs/µL, a glucose level of 56 mg/dL, and a protein level of 0.04 g/dL. The CSF influenza PCR testing was negative for the virus. Brain MRI scans showed T2 signal lesions of uncertain significance on hospital day 2 (Figure 2 ), which were unchanged 4 days later. The patient was treated with oseltamivir and discharged after 9 days with no neurologic disability.
Case 3
A 4-year-old boy with a history of benign congenital neutropenia and an episode of presumed viral meningitis at 1 year of age was well until 2 days prior to presentation when he developed generalized malaise. The following day he developed a fever of 104°F, nonproductive cough, and sleepiness. On the day of admission he developed rigors, agitation, generalized weakness, and a 10-minute generalized tonic seizure. At an outside hospital, he was treated with lorazepam and phenytoin for a second seizure and then with phenobarbital en route to TCH after a third seizure. Findings of the initial neurologic examination at TCH were notable for intact brainstem reflexes, upgoing toes, hypotonia, brisk symmetric withdrawal of the upper extremities, and triple flexion withdrawal of the lower extremities. Continuous EEG demonstrated diffuse slowing with no seizures. The results of the LP showed no WBCs, 3 RBCs/µL, a protein level of 0.29 g/dL, and a glucose level of 134 mg/dL. The peripheral WBC count was initially low at 2.1 WBCs/µL with 14% neutrophils, 41% lymphocytes, and 13% mono- cytes. Hemoglobin, serum aminotransferases, alkaline phosphatase, lactate dehydrogenase, and ammonia levels and platelet counts were within reference range. The following morning, his neurological status changed, necessitating intracranial bolt placement with initial pressure of 63 mm Hg. A head CT scan is shown in Figure 3 . On hospital day 16 he developed cardiopulmonary arrest requiring chest compressions and treatment with epinephrine. An MRI scan performed on day 20 is shown in Figure 3 . A brain biopsy specimen taken on day 22 showed no lymphocytic inflammation; however, it showed small vessel hyalinization, microglial activation, and reactive gliosis. Influenza PCR on a brain tissue specimen was negative for the virus. Extensive metabolic and genetic testing was nondiagnostic. After 28 days and no significant improvement, aggressive life support was discontinued, and the patient died. Autopsy findings showed severe multifocal bilateral necrotizing leukoencephalopathy in deep cerebral white matter, thalami, basal ganglia, limbic structures, and pons. In addition, there were remote areas of patchy pallor in the deep and frontal white matter thought to be due to his prior episode of encephalopathy. Cerebellar gyral atrophy with corresponding damage in olivary nuclei were thought to be due to previous hypoxic ischemic injury. The final pathological diagnosis was ANE with influenza (pH1N1).
COMMENT
We report our experience of neurological complications seen in hospitalized children with pH1N1. We found that 7.5% of hospitalized children presented with neurological manifestations. To our knowledge, this is the largest and most comprehensive report of the incidence of neurological complications in hospitalized children infected with pH1N1. It is consistent with reports for pH1N1 7 and other strains of influenza viruses. 1 Currently, there are a number of case reports and case series documenting the neurological manifestations and complications of pH1N1 infection in children. [7] [8] [9] [10] [11] [12] [13] [14] [15] In a brief report, 8 4 pediatric cases presenting with seizures and or encephalopathy were described. All 4 had minimal CSF pleocytosis, EEG abnormalities occurred in 3, and MRI abnormalities were found in 1 of the 3 patients who underwent imaging. In another case series, 3 children had AMS, EEG abnormalities consistent with acute encephalopathy, and lack of other organ dysfunction. 11 Two of these 4 patients showed imaging abnormalities, 1 with thalamic swelling and diffusion-weighted changes, and the second with initial normal MRI results and volume loss on subsequent MRI scans. In 2 other case series including adults, the children similarly presented with seizures and AMS with no abnormalities on CSF analysis and neuroimaging except for 1 child diagnosed as having brain atrophy. 13, 14 Other case reports and series have demonstrated children with pH1N1 presenting with complex febrile seizure, 16 ANE, 9,17 meningioencephalitis, 7,10 neuropsychiatric symptoms, 12 encephalopathy, 15 and ADEM. 7, 15 In our study, the most common neurological manifestation in hospitalized children with pH1N1 was seizures. All of these patients were febrile, and all but 1 had known underlying epilepsy. Febrile seizures are a common event for children with influenza and may result in hospitalization. 18, 19 We had a low incidence of simple febrile seizures, likely because children with simple febrile seizures are not routinely admitted to the hospital at our institution. Because of this, the overall incidence of central nervous system manifestations of pH1N1 influenza may be higher than 7.5%. There were no children hospitalized for seizures without a fever. It is not clear whether seizures in the pH1N1 population are a nonspecific effect of a viral infection, cytokine release, or fever by lowering seizure threshold, or a more specific neurotropic effect of pH1N1 virus. [19] [20] [21] The second most common neurological manifestation was encephalopathy. Our findings support previous observations that encephalopathy in influenza has a wide spectrum of presentations and is associated with poor neurological outcomes. Several reports, 22, 23 most from Japan, have documented influenza-associated ANE, which was originally defined by Mizuguchi 23 according to the following criteria: (1) acute encephalopathy following a viral febrile illness with rapid deterioration in the level of consciousness and convulsions; (2) lack of CSF pleocytosis, but increased CSF protein commonly observed; (3) CT or MRI evidence of symmetric, multifocal brain lesions involving the bilateral thalami; (4) elevation of serum aminotransferases with no increase in blood ammonia; and (5) exclusion of other resembling diseases. The pathogenesis of ANE has not been clearly defined but is thought to be related to increased cytokine and macrophage activation. [22] [23] [24] [25] Both cases 1 and 3 presented with an acute encephalopathy, fever, and seizures with bilateral thalamic T2 changes. By Mizuguchi's 23 original diagnostic criteria for ANE, case 1 would favor a diagnosis of ADEM over ANE based on the presence of a mild pleocytosis and absence of a transaminitis or thrombocytopenia. Symmetric basal ganglia and thalamic gray matter lesions have been commonly reported in ADEM and are among the 4 patterns used to describe MRI findings in ADEM. 26, 27 As seen in this patient, the onset of ADEM is acute and typically occurs 2 days to 1 month after infection or vaccination. 26, 27 Histologically, there is a paucity of inflammatory cells in ANE, whereas ADEM demonstrates perivenule macrophages and T cells associated with demyelination. 27 Some studies have used the complete resolution of MRI brain changes (ie, cavitary lesions) or a biphasic course in which bilateral thalamic lesions were not found at relapse as evidence supporting an ADEM diagnosis. 26 Results from histological and repeated MRI studies, however, were not available for case 1.
Case 3 exemplified a CSF profile more typical of ANE with a significantly elevated protein level and absence of WBCs. A similar, but less dramatic, CSF profile (1 WBC/ µL, 0 RBCs, normal glucose level, and protein level of 135 mg/dL) was present with this patient's prior presentation of encephalopathy and seizures that was initially presumed to be viral encephalitis. During his prior episode, the results from his MRI scan were normal, his aspartate transaminase level was mildly elevated at 73 U/L (1.22 µkat/L), but he showed no other evidence of an insult characteristic of ANE or ADEM. The patient was not treated with steroids, and he clinically recovered with little impairment. In retrospect, however, based on autopsy findings, there was likely some white matter insult at that time. The patient's second presentation demonstrated bilateral thalamic lesions on MRI. However, he did not show other abnormalities common to ANE, including thrombocytopenia or transaminitis. Nevertheless, his 2 clinical presentations of encephalopathy with CSF albuminocytologic dissociation in conjunction with a postmortem diagnosis of ANE may reflect the clinical spectrum of ANE or the possibility of a biphasic course.
Although most of our patients with encephalopathy presented with symptoms of somnolence, decreased level of consciousness, or loss of consciousness, 1 patient presented with abnormal behaviors and hallucinations (case 2). Fevers have been associated with similar mental status changes, but this patient was afebrile. Although unusual, acute psychosis was reported in 6 of 148 patients with influenza (4%) during the 2002 epidemic in Japan and was reported in 1 case report of a patient with pH1N1. 12, 21 Six of our 7 patients with LPs had no clinically significant pleocytosis. Interestingly, 3 children, all of whom had poor outcomes, presented with elevated CSF protein levels. Concordant with previous reports that influenza RNA is rarely present in CSF, 7, 28, 29 results from influenza PCR on our 2 CSF samples were negative for influenza RNA. In a third patient, a brain biopsy specimen was negative for influenza. It continues to be unclear whether the CNS manifestations of influenza are from a direct effect of the virus or a secondary inflammatory effect.
Similar to other reports of influenza-related CNS illnesses, 21 ,30 children with pH1N1 who had neurological manifestations had a severe disease course. This was evidenced by the fact that approximately two-thirds of our cohort required ICU care. In addition, this subset of patients had an overall mortality of 13% compared with 2.1% in all of the hospitalized children with pH1N1 at our institution (Bagdure et al 31 ) . Furthermore, 74% of the children who presented with a neurological manifestation had a preexisting neurological diagnosis. Of note, none of our patients had an underlying neuromuscular disorder, and all of our patients in our neuromuscular clinic who acquired pH1N1 influenza had a mild disease course (J.P., unpublished observation, 2010), suggesting that muscle weakness or dysfunction did not predispose to neurological complications or severe disease. This highlights what others have reported 1 : that children with underlying neurological disease have increased risk of a neurological complication and a more severe disease course from influenza.
Vaccines for pH1N1 were not available in our region during most of the pandemic in 2009; therefore, a majority of our patients were unvaccinated. It is possible that timely vaccination could have prevented some of these complications.
In conclusion, neurological manifestations were seen in approximately 7.5% of hospitalized patients with pH1N1 and primarily in patients with underlying neurological conditions. The most common neurological manifestations seen were seizures and encephalopathy. In general, these patients had a severe disease course requiring prolonged hospital stays and ICU support, with a high percentage of deaths and neurological disability. Children with underlying neurological conditions should be particularly targeted for influenza prevention and aggressive supportive treatment at the onset of influenzalike symptoms.
